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Abstract. The link between landscape properties and hydro-
logical functioning is the very foundation of hydrological
sciences. The fundamental perception that landscape organ-
isation and its hydrological and biogeochemical processes
co-develop is often discussed. However, different landscape
characteristics and hydrological processes interact in com-
plex ways. Hence, the causal links between both are usually
not directly deducible from our observations. So far no com-
mon concepts have been established to connect observations,
properties and functions at and between different scales.
This special issue hosts a broad set of original studies indi-
cating the current state and progress in our understanding of
different facets of dynamic hydrological systems across var-
ious scales. It is organised as a joint special issue in HESS
and ESSD, with the purpose of providing the scientific in-
sights in combination with the underlying data sets and study
design. While the individual studies contribute to distinct as-
pects of the link between landscape characteristics and hy-
drological functioning, it remained difficult to compile their
specific findings to more general conclusions.
In this preface, we summarise the contributions. In the
search for ways to synthesise these individual studies to the
overall topic of linking landscape organisation and hydrolog-
ical functioning, we suggest four major points how this pro-
cess could be facilitated in the future: (i) formulating clear
and testable research hypotheses, (ii) establishing appropri-
ate sampling designs to test these hypotheses, (iii) fully pro-
viding the data and code, and (iv) clarifying and communi-
cating scales of observations and concepts as well as scale
transfers.
1 Introduction
The challenge to unify our understanding of landscape or-
ganisation and its hydrological functioning is a long-standing
issue in hydrological sciences – maybe as old as our disci-
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pline itself. In this we search for the influence of the spatial
arrangement of landscape elements on fluxes, storage, mix-
ing and release of water, solutes and energy and vice versa
(Grayson and Blöschl, 2000). These interactions of land-
scape organisation and hydrological functioning exist at dif-
ferent scales in space and time (Fan et al., 2019). Uncount-
able observations, experiments and models have advanced
our understanding of the soil–vegetation–atmosphere sys-
tem. Landscape organisation appearing as self-similar pat-
terns (Rodriguez-Iturbe and Rinaldo, 1997), structured flow
paths (Flury et al., 1994; Nimmo, 2016), thermodynamic
optimality (Kleidon and Schymanski, 2008; Phillips, 2016)
and other forms has always driven approaches to derive the
relationship between the dominating hydrological and bio-
geochemical processes (Lin, 2010; Laudon and Sponseller,
2018) and identifiable landscape signatures (Gharari et al.,
2011). Likewise, we can find a plethora of concepts about
hydrological functioning aiming to explain landscape organ-
isation based on self-reinforcing patterns out of smaller-scale
heterogeneity (Hohenbrink and Lischeid, 2015; Berkowitz
and Zehe, 2020), the transition of their impact through scales
(Vogel and Roth, 1998) and their dynamic similarity (Loritz
et al., 2018).
The universal scientific approach to test hypotheses based
on concepts, observations and models is indisputably one of
most important foundations for deriving understanding (e.g.
Jaynes, 2003; Pfister and Kirchner, 2017; Beven, 2019a).
However, complex interactions of processes across spatio-
temporal scales and across different elements of landscapes
establish severe challenges to follow this blueprint. Demands
for practical solutions to real-world problems set reasonable
constraints to such airy framings. One result of this con-
flict between scientific rigour and practicality is an exces-
sive amount of sophisticated methods in the different hydro-
logical subdisciplines. However, it remains difficult to com-
bine these approaches into an integral system understand-
ing, despite good suggestions for unifying theories (e.g. Reg-
giani et al., 1998; Beven, 2006; Sivapalan, 2006). Instead,
hydrologists have become aware of the limitations of pre-
dictions (Beven, 1993) and multiple sources of uncertainty
in increasingly complex hydrological concepts, models and
data (Nearing et al., 2016). The central role of data in ad-
vancing hydrological sciences (Beven, 2019b) is deeply con-
nected with the various concepts for better predictions of hy-
drological systems under change (Ehret et al., 2014; Wagener
et al., 2010).
Likely instigated by the initiative to predict hydrology
in ungauged basins (Sivapalan, 2003; Blöschl et al., 2013;
Hrachowitz et al., 2013), several suggestions to unify ap-
proaches, to extend them across scales, and to understand
processes across disciplines and system domains have been
made at the beginning of the millennium (Sivapalan, 2006).
In complementary avenues, the debate about hydropedology
(Lin et al., 2006) urged our community to synthesise knowl-
edge and approaches towards a “critical zone science” across
disciplines (Brantley et al., 2007) to make them applicable to
ungauged situations under changing land use and climate or
even on other planets.
Our special issue follows the basic perception that land-
scape organisation and hydrological functioning are two
sides of the same coin and that the ideal of interdisciplinary
hydrology can guide our research. A large proportion of its
motivation is rooted in the discussions within the CAOS re-
search unit (From Catchments as Organised Systems to Mod-
els Based on Functional Units, Zehe et al., 2014). As the
availability, consistency and transparency of measurement
data form the very foundation for building this understand-
ing, we explicitly invited companion papers in HESS and
ESSD to the special issue to underline the role of data in the
research for concepts of hydrological landscape functioning.
In this preface we give an overview of the contributions
regarding their research focus and main results. We empha-
sise the challenge of addressing hydrological functioning in
landscapes and propose a possible way of progressing in this
complex topic, relating to testable research hypotheses, sam-
pling design, open data and open code and communication
of scale and scale transfers.
2 Contributions to this special issue
The 16 author teams contributing to this special issue pro-
vided a cross-discipline glimpse into different facets of hy-
drological research. Altogether the contributions cover a very
broad range of scales, spatially ranging from the plot scale
to the large catchment scale and temporally ranging from
minutes to 10 millennia. The thematic foci of the contri-
butions can be loosely assigned to the five subdisciplines
hydrometeorology, catchment hydrology, riparian zone hy-
drology, ecohydrology and soil hydrology, keeping in mind
that most papers have overlaps with other subdisciplines. In
Fig. 1 the contributions are assigned to their respective land-
scape elements. However, the extent of their findings reach
beyond the illustrated points.
The contributions of this special issue are very diverse
in many respects, but they share one overarching objective:
learning more about the spatio-temporal organisation of hy-
drological functioning. In this section we introduce all con-
tributions arranged according to their correspondent (approx-
imate) subdiscipline and summarise their key messages.
Hydrological functioning of landscapes can be addressed
at a large range of spatial and temporal scales and within
many different subdisciplines. In soil hydrology, soil maps
are frequently used as an input for hydrological and land
surface models. However, the development of these maps
poses a series of challenges with regard to the spatial cov-
erage, the reliability at the landscape scale and the conver-
sion of mapped soil properties into respective model pa-
rameters, which leads to uncertainty in the maps and com-
plicates their use in hydrological modelling. Kmoch et al.
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Figure 1. Subdiscipline and landscape elements of the contributions.
(2021) approached this challenge by developing a digital hy-
drological soil map for Estonia based on soil characteris-
tics, landscape properties and data fusion. Today, remote-
sensing products are often used to support large-scale analy-
sis of spatio-temporal patterns in landscapes. For soil mois-
ture, Khosa et al. (2020) showed how using model-assisted
soil moisture estimates could reveal the seasonal pattern in
a semi-arid setting. On a much smaller scale, the sequence
of sensor responses from a large set of soil moisture sen-
sor profiles was used to infer seasonal and spatial patterns
of preferential flow and connected to geological and land
cover influences by Demand et al. (2019). Finally, Hartmann
et al. (2020b, a) approached the evolution of soil hydro-
logical functioning based on measurements of soil physical
properties and infiltration experiments in alpine periglacial
moraines of different ages, generating insight into the inter-
play of physical site conditions and vegetation development,
leading to changing soil properties and flow paths.
Focusing on the ecoyhdrological effect of vegetation shap-
ing the exchange of water and energy at the land surface, the
ubiquity of remotely sensed indices for land surface water
fluxes was found to be limited. In a temperate setting the Nor-
malised Difference Vegetation Index was challenged with
sap velocity measurements, raising awareness for a careful
evaluation of the applicability of the underlying assumptions
for a specific ecosystem and scale (Hoek van Dijke et al.,
2019). At the global scale, an analysis of hydrological con-
trols on forest growth highlights access to subsurface wa-
ter as a major factor in vegetation growth (Roebroek et al.,
2020). The authors extend the Budyko concept of water and
energy limits with landscape characteristics.
Coming from a hydrometeorological perspective and fo-
cusing on temporal dynamics, Renner et al. (2019) stud-
ied the phase lag in diurnal evapotranspiration process mod-
elling. Their findings propose limits in Penman–Monteith ap-
proaches at a sub-daily scale, which can be avoided when re-
ferring to the surface-to-air temperature gradient instead of
vapour pressure deficit approaches. A different form of wa-
ter and energy exchange at the land surface was examined
by Neuper and Ehret (2019) with a detailed analysis of dis-
tributed precipitation estimation from radar measurements.
They found that relationships of radar reflectivity and ground
rainfall, which are specific to season and synoptic weather
situation, can substantially improve quantitative precipitation
estimation from weather radar data.
Spatially distributed data of precipitation as well as snow-
related processes and landscape features such as geology
were found to be crucial for precise predictions in catch-
ment hydrology (Dal Molin et al., 2020). They developed a
two-stage approach with explicit model experiments testing
the effect of the data on different catchment indices to guide
a rainfall–runoff model setup based on commonly available
data also for ungauged basins. Since in hydrological mod-
elling the self-similarity of space–time patterns of model
elements can reduce the required input data, can increase
model performance and can be interpreted with respect to
main process controls, Ehret et al. (2020) designed a dynam-
ical clustering of distributed model elements into grouped re-
sponse units. Besides the positive effects on computational
performance, their approach enables an analysis of informa-
tion gains and resolution requirements for distributed mod-
els. Having a large database of monitoring data available,
hydrological pathways and a detailed picture of how land-
scape factors regulate travel time distributions could be re-
vealed from measurements of the dynamics of groundwater
and stream chemistry in nested catchments (Jutebring Sterte
et al., 2021).
Riparian zones as biogeochemical hotspots require a joint
approach to physical, chemical and biological system dy-
namics. Based on an analysis of hydrological pathways of
dissolved organic carbon, it was shown how specific del-
icate areas can massively alter the hydrological pathways
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and system properties when disturbed (Ploum et al., 2020).
Analysing a massive database of solute tracer studies of ri-
parian exchange fluxes across basin scales and system do-
mains, Ward et al. (2019b) identified distinct spatial patterns
but large temporal diversity in riparian zones. This suggests
severe limits to space-for-time substitution approaches (Ward
et al., 2019a). Monitoring surface stream connectivity and in-
termittency with different techniques revealed temporal and
spatial dynamics of the stream network and provided infor-
mation about hydrological functioning in a mesoscale catch-
ment (Kaplan et al., 2019). When compiled as intermittency
maps, the data were used to evaluate landscape predictors:
terrain metrics were informative during wet periods, while
soil drainage and storage properties govern the patterns of
drier periods (Kaplan et al., 2020). Landscape organisation
is often manifested in connectivity patterns of hillslopes and
streams. Beiter et al. (2020) found that soil structure can re-
veal how this connection takes place, and complementary dy-
namics of shallow ground water table dynamics add infor-
mation about when this connection becomes active. Finally,
at a much larger scale, the identification of hydromorpho-
logical attributes from remotely sensed data about floodplain
dynamics were used to address spatio-temporal changes in
hydrological processes for river reaches (Hou et al., 2019).
3 Suggestions towards facilitating comprehensive,
reproducible and transferable findings
The challenge to fundamentally address and advance our un-
derstanding of the link between landscape properties and or-
ganisation with its functioning can hardly be tackled within
a single study. Each of the contributions submitted to this
special issue covers a small piece of the big picture. While
discussing the papers in this special issue, we identified sev-
eral aspects which might help to extend the scientific value
of the research beyond the specific studies.
3.1 Promoting testable research hypotheses and
sampling design
Hypothesis testing is a key methodological feature of science
(e.g. Mizrahi, 2020; Pfister and Kirchner, 2017). Defining
testable hypotheses about hydrological functioning in land-
scapes, however, appears to be a complicated task. A possible
explanation for this challenge is that hydrological research
aims to gain functional understanding about very complex
environmental systems with non-linear dynamics and organ-
ised complexity (Dooge, 2005). This complexity entails the
difficulty of formulating comprehensive hypotheses about
the hydrological functioning, which consequently often re-
sults in very vague conclusions (Bracken et al., 2013).
Directly linked to addressing a sound scientific hypothe-
sis is developing the appropriate sampling design. As an en-
vironmental science confronted with apparently ever-unique
settings, one might note a slight tendency in hydrology to ad-
here to descriptive concepts of physical geography as a basis
for sampling. There are good reasons to adhere to practical
constraints and classical conceptual models, but this ham-
pers advances in defining precise and testable hypotheses
(Gupta and Nearing, 2014). While viable solutions to specific
problems may be found without a deep system-theoretical
background, it is difficult to align data and insights from
such studies with a broader perspective. However, the crux
of the matter is that a sound understanding of hydrologi-
cal functioning is the very basis for meaningful testable hy-
potheses with appropriate sampling designs, which then in
turn lead to a better understanding. Obviously, formulating
and testing hypotheses which go beyond the actual practical
problems and also address the complex scale-dependent in-
teractions demand substantial additional effort. However, to
achieve comprehensive hydrological understanding and ad-
vance predictability of environmental systems under global
change (Ehret et al., 2014), the extra effort appears worth-
while.
Joining forces in interdisciplinary collaboration is one way
to address this challenge, i.e. sharing the task of studying the
complex interactions of the different influences on hydrolog-
ical functioning in landscapes. Examples in this special issue
are Ward et al. (2019a), who combined diverse data for ri-
parian exchange fluxes in the H. J. Andrews Experimental
Forest, or also Jutebring Sterte et al. (2021), who can bene-
fit from a massive monitoring effort in the Krycklan catch-
ment. The CAOS research unit (Zehe et al., 2014) – which
was a starting point for initiating this special issue – explic-
itly defined “functional units” as the central research object
and addressed it with a large interdisciplinary monitoring ef-
fort in the Attert basin in Luxembourg (e.g. Renner et al.,
2019; Hoek van Dijke et al., 2019; Loritz et al., 2017; Jack-
isch et al., 2017). However, the challenge of defining the joint
hypotheses to test this functioning and adapting the sampling
designs accordingly also remained unsolved. Nevertheless,
the potential in addressing these questions jointly within a
research collaboration should not be discarded because of
the collateral complexity in collaboration that comes with ex-
tended research groups.
3.2 Merits of full data and code availability
The intention behind initiating this special issue jointly in
HESS and ESSD was to emphasise the role of open data for
progress in hydrological research. Reproducibility is seen as
one of the basic principles of good scientific practice and
requires access to the data and code that were used to pro-
duce the respective findings (Hutton et al., 2016; Laudon
and Taberman, 2016). For data management and stewardship,
widely accepted rules have been defined in the FAIR princi-
ples: findability, accessibility, interoperability and reusability
(Wilkinson et al., 2016). Furthermore, sharing the data and
code is expected to increase appreciation for experimental
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Table 1. Overview of access to data and code for the studies in this
special issue. ∗ Three articles have companion papers in both jour-
nals. Some studies link to more than one data source. Completeness
of provided data and code is not considered.
Papers with . . . HESS ESSD
access to data over repository 11 5
access to data over public web sites 7 0
full or partial data upon request 7 0
access to code over repository 6 1
no access to code stated 8 4
Total no. of contributions 14 5∗
work and propel utilisation of the data as well as advance the
used methods (Blume et al., 2017).
In this special issue 10 out of 14 contributions in HESS
provide a persistent open data repository reference for parts
or all of the used data. Three articles have a companion paper
in ESSD, which provide an elaborate explanation of the data.
Seven contributions refer to websites as public sources of the
used data. Seven state full or partial data availability upon
request from the authors or other sources.
Code availability is more scarce. Six out of all 19 contribu-
tions report repositories for their code. In one case, the code
is offered on request. In most publications of this special is-
sue, no statement about code availability is given. Table 1
gives an overview. Compared to the results of an elaborate
review of data and code availability of 360 articles published
in 2017 (Stagge et al., 2019), these results are above aver-
age data and code availability. It is clear that in some cases
sharing the study-specific data collection appears to still be
obstructed by specific restraints on parts of the data, such
as web-based repositories without open licenses (Rosenberg
et al., 2020). Additionally, often only partial data are pro-
vided, which makes reproducibility of the study results diffi-
cult.
It appears to still be an exception that all data used in a
study, including the code to reproduce the results, are pub-
lished alongside the paper. Reasons for this are a lack of time
and personnel resources for this meticulous task in project
funds (Blume et al., 2018) as well as a lack of prioritisation
and data management skills. Moreover, quality control of the
data and the code is an ongoing challenge in hydrological
research.
In our special issue we find a wide range of how data
and code are presented. This complicates joint progress to-
wards understanding the bigger picture. Learning from exist-
ing data, adapting well-described methods and reusing ana-
lytical code, however, permit more integral analyses by com-
bining previous efforts. Linking landscape organisation and
hydrological functioning requires such analyses. After re-
viewing the contributions to the special issue, we believe that
explicitly demanding consistent and complete access to data
and code in the call would have enabled more progress in the
topic. Addressing landscape organisation in the future would
benefit from improved reproducibility of research along the
recommendations of Rosenberg et al. (2020) and Hall et al.
(2021).
3.3 Proposal for transparency about scales and
concepts
The contributions to this special issue naturally cover a spec-
trum of spatial and temporal scales connected to landscape
organisation and hydrological functioning. A proper iden-
tification of these scales (in the sense of the scale triplet,
Blöschl and Sivapalan, 1995) relating to the employed meth-
ods, the obtained data, conceptual models (Wagener et al.,
2020; Gupta et al., 2012) and the concluded findings is es-
sential for a good understanding and reporting of the results.
After discussing the contributions, we suggest that a clarifi-
cation of the applied scale transfer is similarly important.
Most studies depict a common scale for their data, con-
cepts and findings – be it diurnal evapotranspiration (Renner
et al., 2019), catchment dynamics (Dal Molin et al., 2020), or
rainfall quantification (Neuper and Ehret, 2019). Some stud-
ies combine aspects of several scales, for example Hartmann
et al. (2020a), where short-term infiltration dynamics were
linked to long-term soil development, and Hoek van Dijke
et al. (2019), where remotely sensed vegetation indices are
compared to tree-level sap flow dynamics. Other studies at-
tempt to bridge scales, e.g. when few local point observa-
tions are connected to spatially continuous remote-sensing
products at larger scales as in Khosa et al. (2020) or when
many local point observations are used to infer infiltration
processes at smaller scales as in Demand et al. (2019).
Bridging scales requires assumptions and connections for
the scale transfer (Peters-Lidard et al., 2017). We found large
differences in how the studies in our special issue have re-
solved this issue. In the following we want to examine the
scales and scale transfers along three examples. While Neu-
per and Ehret (2019) explicitly analysed the scale transfer of
information at smaller and larger scales for the quantification
of weather radar precipitation products (Fig. 2a), Demand
et al. (2019) inferred small-scale, longitudinal preferential
flow dynamics based on a large number of soil moisture mea-
surements. In the absence of direct observations at the scale
of the conclusions, the scale transfer has to rely on a hypoth-
esis (Fig. 2b). As a third example, Hartmann et al. (2020a)
used observations at smaller scales to infer on a series of
temporal scales as a process-based space-for-time substitu-
tion approach (Fig. 2c). In this example, the scale transfer
also remains bound to hypotheses.
The contributions to this special issue show a wide range
of approaches to address scales and scale transfer of the ob-
servations and concepts. As a means to turn the diversity
within hydrological research into an improved understand-
ing of the systems across scales, we suggest placing more
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Figure 2. Examples of scales of observations, concepts and conclusions and how scale transfer is addressed.
emphasis on this topic. We propose to communicate a “scales
and scaling statement” with each publication, explicitly ad-
dressing the scale of both observations and concepts and con-
sequently the scale transfer, to clarify the support of the trans-
fer and the underlying assumptions, e.g. similar to the previ-
ous examples and Fig. 2. This transparency could be under-
stood as an essential and self-critical clarification helping to
discuss the support of the conclusions and to achieve joint
scientific progress.
4 Conclusions
Linking landscape organisation and hydrological function-
ing remains a challenging goal. The complexity originates
in the interaction of processes across landscape elements
and scales. The individual contributions showed insights into
these processes, from point scale to large catchments, from
minutes to millennia, and in a range of hydrological sub-
disciplines. However, we did not advance the overall topic
considerably. One reason for this might be the difficulty in
combining the results into a meta-analysis, partly due to lack
of clarity on hypotheses, sampling design, scales and scaling
assumptions.
We propose that significant advances can be achieved
when the following points are considered and communicated
in an integral manner in future studies:
– formulation of specific and testable research hypotheses
about hydrological functioning;
– elaboration of an appropriate sampling design to ad-
dress these hypotheses;
– provision of all the data and code with each study; and
– clarification of scales and the employed method of scale
transfer.
Fulfilling these high standards requires additional effort
but is rewarded with enhanced quality, comprehension and
transferability of the findings. Only then can the specific
pieces that individual studies contribute be compiled to the
bigger picture.
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